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Abstract
This paper presents a finite element (FE) model developed using commercial
FE software COMSOL to simulate the multiphysical process of pieozoelectric
vibration energy harvesting (PVEH), involving the dynamic mechanical and
electrical behaviours of piezoelectric macro fibre composite (MFC) on carbon
fibre composite structures. The integration of MFC enables energy harvest-
ing, sensing and actuation capabilities, with applications found in aerospace,
automotive and renewable energy. There is an existing gap in the literature
on modelling the dynamic response of PVEH in relation to real-world vibra-
tion data. Most simulations were either semi-analytical MATLAB models
that are geometry unspecific, or basic FE simulations limited to sinusoidal
analysis. However, the use of representative environment vibration data is
crucial to predict practical behaviour for industrial development. Piezoelec-
tric device physics involving solid mechanics and electrostatics were combined
with electrical circuit defined in this FE model. The structure was dynami-
cally excited by interpolated vibration data files, while orthotropic material
properties for MFC and carbon fibre composite were individually defined for
accuracy. The simulation results were validated by experiments with <10%
deviation, providing confidence for the proposed multiphysical FE model to
design and optimise PVEH smart composite structures.
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1. Introduction
Composite materials, such as carbon fibre or glass fibre reinforced poly-
mer, are increasingly desired in a number of applications such as aerospace,
automotive, marine, infrastructural, renewable energy, biomedical and con-
sumer products, due to their high ultimate strength, elastic moduli, high
strength-to-weight-ratio and better failure reliability [1, 2, 3]. Furthermore,
there are state-of-the-art development of multi-functional smart composite
materials [4] that attempts to achieve the additional functionalities such as
energy harvesting, structural health monitoring (SHM), condition sensing
and wireless communication onto the otherwise purely mechanical material
by integrating the multifunctional elements together.
In order to achieve this motivation, most researchers embedded SHM
sensors within the composite materials [5] to acquire and process condition
data of structures such as aircraft wings and wind turbine blades. This
will help to detect early onset of potential failures, which will help to avoid
catastrophic and costly consequences. However, either batteries or power
cables are still required to power these sensors and electronic systems, which
adds weight and regular maintenance or replacement costs [6]. On the other
hand, the use of energy harvesting (EH) technology [6, 7] has been developed
as a potential self-powered sensing solution. Specifically, vibration energy
harvesting (VEH) can be employed to convert ambient vibrational energy
into useful electrical energy for the integrated sensors and electronics.
VEH technologies include a variety of transducers and scales, includ-
ing macroscopic or mesoscale electromagnetic [8, 9, 10, 11] and piezoelectric
[12, 13, 14, 15] generators to MEMS-scale electrostatic [16] and piezoelectric
[17, 18, 19] harvesters. Research efforts in the VEH field include attempts
to increase the operational bandwidth [20, 21], operate at low frequency
[22] or high temperature [23], improved electronic power conditioning effi-
ciency [24, 25] or mechanical efficiency [26, 27]. In relation to the integration
with composite materials, piezoelectric films are particularly suitable due to
the thin profile and manufacturing compatibility [28, 29]. A previous study
[30] has shown experimental integration and characterisation of piezoelectric
macro-fibre composite (MFC) transducers with CFRP targeted for aircrafts,
especially in order to be compatible with the flexible design of aircraft wings.
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In order to achieve optimisation of design and system parameters for the
integrated MFC on CFRP multi-functional composite structure, it is crucial
to employ numerical and computational piezoelectric analysis. Most existing
piezoelectric models are analytical or semi-analytical models based on beam
theory [31, 32, 13, 33]. While analytical models are useful to understand the
underlying physics and to numerically simulate piezoelectric VEH systems in
MATLAB, it is difficult to analysis designs other than the most basic topolo-
gies. Localised stress-strain distributions and the resultant charge generation
was simplified and ignored in semi-analytical numerical models.
On the other hand, finite element (FE) models can help to analysis com-
plex geometries when properly meshed. While existing FE models for piezo-
electric VEH reported in the literature [27, 34] do exist, most of these FE
models are either purely mechanical models or setup for simple sinusoidal
simulations. Real world vibration is typically much more complicated than
simple sine waves and can involve broadband noisy signals. The inclusion
of piezoelectric transduction and electrical domain are also important, as
both feedforward and feedback coupling effects with the mechanical domain
need to be included in the analysis. Furthermore, when composite materi-
als are involved, there is a further step in challenge to simulate anisotropic
properties that can influence some of the vibrational modes. Therefore, a
comprehensive vibration data driven piezoelectric VEH FE model, involving
both mechanical and electrical domains, is needed to properly optimise and
study designs across a wide range of topologies.
This paper proposes such a FE model for the first time, using COM-
SOL Multiphysics, to simulate the electrical and mechanical behaviour of an
integrated MFC on CFRP composite structure. The multiphysical model
combines solid mechanics, electrostatic and electrical circuit physic models
within COMSOL, while employing eigenfrequency, frequency domain and
time dependent model solvers. Response information such as mechanical
stress, voltage output and power output across an impedance load can all be
numerically predicted in both the time domain and frequency domain. Fur-
thermore, interpolation of arbitrary wave input is used to feed representative
environmental vibration data into the FE model. Measured vibration data
from various sources, including aerospace, automotive, engine, bridge and
rail applications, are used in this study. The proposed FE model can be used
to simulate and undertake parametric studies for system optimisation of any
piezoelectric VEH systems while using representative environment vibration
data on top of basic sine wave excitations.
3
2. Analytical model
The conventionally adopted dynamics model for base-pointed excited
piezoelectric VEH involves a second order mass-spring damper system, which
can be summarised by equation 1 [32, 35].
z¨(t) + 2ζmω0z˙(t) + β|z˙|z˙ + ω20z(t) + µz3(t) + Θv(t) = a(t) (1)
where, z(t) is the displacement function, ζm is the mechanical viscous
damping ratio, β is the mechanical nonlinear damping ratio, ω0 is the natural
frequency, µ is the mass normalised Duffing coefficient, Θ is the coupling
coefficient from mechanical to electrical domain, v(t) is the voltage generated
from the piezoelectric transducer and a(t) is the acceleration input driving
the system. When the piezoelectric transducer is connected to an electrical
circuit that draws electrical energy out of the device, equation 2 can be used
to approximate the system behaviour.
z¨(t) + 2ζmω0z˙(t) + β|z˙|z˙+ω20z(t) + µz3(t) +
2ζeω
3
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zz˙(t) = a(t) (2)
where, ζe is the electrical damping ratio, Zi is the internal impedance of
the piezoelectric transducer typically dominated by its internal capacitance
and Zload is the electrical load impedance.
Based on the linear piezoelectric theory [30], the mechanical stress and
electric displacement field can be obtained by equations 3 and 4
σ(t) = Cε(t) + eTE (3)
D(t) = PE + eε(t) (4)
where, D is the electrical charge density displacement, P is the dielectric
permittivity of MFC, E is the electric field, e is the electromechanical cou-
pling that can be expressed by the charge constant d and composite stiffness
C (e = d × C), and σ and ε represents the mechanical stress and strain
respectively.
Depending on the poling direction and the direction of stress, charge
constant of the piezoelectric material in different modes need to be used. For
energy harvesting, it is typically d31 mode where poling direction is along
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the thickness of the piezoelectric layer and stress is applied via tension and
compression of the fibres during the bending mode. Charge constant d is
defined as the short circuit charge density per applied mechanical stress.
Therefore, short circuit charge and current generated by the piezoelectric
transducer can be summarised by equations 5 and 6.
Qsc(t) = d31σav
∫
A
dA (5)
where, Qsc is the short circuit electrical charge, σav is the average stress
experienced by the piezoelectric domain and A is the active area of the piezo-
electric domain.
Isc(t) = ω(t)d31σavA (6)
where, Isc is the short circuit current and ω(t) is the frequency at which
the piezoelectric transducer is being excited at. With a given electrical
impedance load Zload to extract electrical energy, the generated current through
the load Iload can be represented by equation 7 and the electrical power P (t)
can be calculated by equation 8.
Iload(t) =
I2sc(t)Zi√
Z2i + Z
2
load
(7)
P (t) = I2load(t)Zload =
I2sc(t)ZloadZ
2
i
Z2i + Z
2
load
(8)
3. Finite element model
3.1. Model
The design studied here involves a piezoelectric macro-fibre composite
(MFC) energy harvesting transducer (M8525-P2 from Smart Material) inte-
grated on a carbon fibre composite beam through co-curing. The co-curing
process was developed in previous work [30, 36]. The specific example device
investigated here was manufactured from 8 plies of epoxy resin infused car-
bon fibre prepreg (0.23 mm). The carbon fibre reinforced polymer (CFRP)
beam was 60 mm in width and 200 mm in length. The MFC transducer was
placed close to the clamped end of the CFRP beam in order to harness the
most active stress region. Figure 1 summarises the employed geometry and
figure 2 summarises the finite element (FE) model.
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Figure 1: Schematic of FE model used to simulate the MFC transducer on carbon fibre
composite beam structure. Electrical power output P across an electrical load Z is calcu-
lated from the current I generated from the MFC as the beam is mechanically strained.
Within COMSOL Multiphysics, Piezoelectric device multiphysics was
employed, which involved a combination of Solid Mechanics and Elestro-
statics physics in order to model both the mechanical and piezoelectric be-
haviour. Electrode layers sandwiched the MFC generator and Electrical Cir-
cuit physics was used to model a resistance load across the MFC terminals. 
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Figure 2: Summary of the multiphysics FE model setup in COMSOL to simulate the
mechanical and electrical responses of the piezoelectric MFC on carbon fibre composite
beam when subjected to vibrational data input.
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In terms of FE studies, Eigenfrequency, Time dependent modal and Fre-
quency domain modal were employed. This helps to solve the resonant fre-
quency values and mode shapes, time domain and FFT responses, and fre-
quency domain responses, respectively. Both sinusoidal input and vibration
data were used as the dynamic loading on the device. Samples of repre-
sentative environment vibration data from various applications (including
aerospace, automotive, engine, bridge and rail) were imported into COM-
SOL using interpolation function.
The time domain data was interpolated using piecewise cubic spline func-
tion in order to resolve the localised time domain features. However, it should
be noted that vibration features will always lose some information when un-
dergoing any step of mathematical manipulation and/or transformation. The
interpolation functions can only approximate the original vibration signal.
Furthermore, the resolution of the vibration signal is also limited by the
sampling rate and applied filters when the original data was logged.
The vibration data interpolation function is then used to act as the dy-
namic loading factor within the Modal Solver in order to vary the acceleration
body load a(t) applied on the device. Damping ratios for both the mechanical
and electrical domains can be applied within the Solid Mechanics definitions
and the Modal Solver. Fitted quality factor Q values from experimental data
was used to determine the damping ratio in the FE model.
The FE model can output any information solved by the 3 employed
physics, giving rise to an array of mechanical and electrical responses. This
included displacement, stress, strain and energy information, as well as elec-
trical charge, voltage and power generated across the impedance load. Eigen-
frequency study revealed the various resonant frequency and mode shape
information, but its amplitude response is arbitrary. While the two modal
studies provided absolute amplitude information in either the time domain
and frequency domain. Therefore, the modal studies can advise on the aver-
age power achievable from the device for various vibration input traces.
Figure 3 provides and example of eigenfrequency mechanical stress and
electrical voltage responses for the first bending resonant mode at 47.2 Hz.
The line graphs show that the high stress region of the CFRP beam is har-
vested by the MFC. The generated voltage is a result of dynamic stress rather
than static loading. For instance, if a beam is statically stressed, voltage out-
put would return to zero after the initial step response. Henceforth, the study
of time domain response is crucial to determine the average response rather
than simply the instantaneous peak values.
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Figure 3: The FE simulated mechanical and electrical responses of the MFC element when
the beam is driven at the first resonant mode.
3.2. Material properties and orthotropic elasticity
Unlike the isotropic nature of metallic and amorphous materials, com-
posite materials are orthotropic. Therefore, it is important to fully define
the 3-dimensional linear elastic properties for the CFRP and MFC. Table 1
summarises the key material property definitions for the employed RC200T
carbon fibre, while table 2 summarises the key material property definitions
for the MFC 8525-P2 transducer.
Table 1: Carbon fibre composite (RC200T) orthotropic elasticity definitions.
Young’s modulus (GPa)
Ex Ey Ez
59.45 60.3 3.9
Shear modulus (GPa)
Gxy Gyz Gxz
62.9 1.5 62.35
Poisson’s ratio (1)
νxy νyz νxz
0.3 0.4 0.3
Density ρ (kg/m3) 1,800
The elastic properties determine the mechanical strength and behaviour,
while the piezoelectric and dielectric properties determine the mechanical-
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Table 2: Macro fibre composite properties [30, 37]. MFC 8525-P2 (d31 mode) was employed
as the transducer for piezoelectric vibration energy harvesting.
Mechanical properties
Young’s modulus E1 in rod direction (GPa) 30.34
Young’s modulus E1 in electrode direction (GPa) 15.86
Shear modulus G12 (GPa) 5.52
Poisson’s ratio ν12 (1) 0.31
Poisson’s ratio ν21 (1) 0.16
Density (kg/m3) 5,400
Piezoelectric and dielectric properties
Charge constant d31 (pC/N) -170
Charge constant d33 (PC/N) 400
Capacitance per unit area (nF/cm2) 7.8
Dielectric permittivity p (nF/m) 0.15
Relative permittivity r (1) 1,695
to-electrical conversion. Typically, for piezoelectric transducers, power cor-
relates directly with the piezoelectric charge constant d (short circuit charge
density per applied mechanical stress) and inversely correlated with relative
permittivity or dielectric constant r. MFC is made from lead zirconate ti-
tanate (PZT) fibres, so its piezoelectric and dielectric properties are typical
of bulk PZT, despite its high flexibility.
The Eigenfrequency study was used to reveal up to the first 25 resonant
modes, ranging from 47.2 Hz (1st bending mode) to 8325.9 Hz (14th torsional
mode). Within this range, there were 9 bending modes, 2 lateral modes
and 14 torsional modes. Figure 4 illustrates the first few resonant mode
shapes with stress contour. Typically, only the first bending mode is ideally
suited for vibration energy harvesting, as all the higher modes would result
in partial charge cancellation from opposing stress regions across the single
MFC piezoelectric transduction element.
While excited at the vicinity of the first bending mode, resonant ampli-
fication and accumulation of vibrational energy can be achieved. However,
even at higher frequency excitations as well as shocks across the wider spec-
trum, non-resonant capture of vibrational energy, albeit at significantly re-
duced levels, can still be achieved. Real world vibration are typically noisy,
broadband and contain shock impulses, which will result in step response
oscillatory decay at the first resonant frequency value and mode shape.
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Figure 4: The first few mode shapes for bending, torsional and lateral resonant modes
simulated using orthotropic elasticity.
Table 3: Comparison of resonant frequencies for various modes between experimental
measurement, FE simulation using isotropic modulus of elasticity (single E, ν and G)
and orthotropic elasticity for composite material (3D compliance matrix for E, ν and
G). Experimental prototype deviated away from the target design parameters due to
manufacturing tolerance. Analytical calculation for the first bending mode using Euler-
Bernoulli equation revealed 46.5 Hz and using Timoskenko equation revealed 47.2 Hz.
Therefore, FE model with orthotropic property definition is more accurate.
Mode
Measured FE isotropic FE orthotropic
freq. (Hz) freq. (Hz) error (%) freq. (Hz) error (%)
1st bending 46.0 46.0 0.0 47.2 +2.6
2nd bending 272 271 -0.4 275 +1.1
3rd bending 764 762 -0.3 772 +1.0
4th bending 1,489 1,488 -0.1 1,499 +0.7
5th bending 2,290 2,265 -1.1 2,380 +3.9
1st torsional 358 270 -24.6 362 +1.1
2nd torsional 1,047 780 -25.5 1,095 +4.6
3rd torsional 1,897 1,387 -26.9 1,935 +2.0
4th torsional 2,790 2,033 -27.1 2,843 +1.9
1st lateral 145 132 -9.0 147 +1.4
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Table 3 summarises the comparison of experimentally measured frequency
values and FE simulated results. Hypothetical isotropic values are assumed
for comparison purposes. This table illustrates the importance of orthotropic
elasticity definitions within the composite material in order to achieve good
accuracy (deviation < 5%). On the other hand, a basic isotropic model can
only be used for single direction bending modes and significantly deviates
for the torsional and lateral modes. Therefore, while a basic isotropic model
might have been sufficient for sinusoidally excited scenarios near the first
bending mode, any response from broadband vibrational signals must ob-
serve orthotropic elasticity definitions in order to accurately simulate higher
frequency and non-resonant responses across the wider spectrum.
Furthermore, isotropic results on first instance seem to match up with
measured results for the bending modes. However, this is because the FE
accuracy with isotropic material property definitions happens to deviate in
the same direction as the manufacturing tolerance of the practical device
used in the experimental validation here. In comparison with analytical
calculations evidenced in the results section, it can seen that the FE model
using the full orthotropic material properties are more accurate. For the first
bending mode, analytically calculated resonant frequency using the basic
Euler-Bernoulli equation revealed 46.5 Hz and using the more comprehensive
Timoskenko equation revealed 47.2 Hz.
3.3. Vibration data analysis
Figure 5 illustrates an example of the FE simulation, with 2 kHz broad-
band aerospace vibration data used as the excitation input, and showing
mechanical strain, voltage and power output in time domain. FFT of time
domain power output is also shown, where the response peaks accumulate
towards the 1st bending mode. The vibration input was based on typical
aircraft vibration while in-flight [38], where the average amplitude was 14 g
and the frequency response closely follows a band-limited 2 kHz white noise.
It can be seen that from the shock based dynamic mechanical response, a
relatively higher frequency electrical response is generated from the small
wave dynamic oscillations sitting on top of the strain response.
A series of various vibration data was also used, measured directly from
representative environments using Gulf Coast Data Concepts accelerometer
data loggers. This includes vibration of CGJ aircraft chassis in figure 6,
BMW 525d engine beneath the bonnet in figure 7, 1,560 RPM compressor
engine in figure 8, a cross girder from the Forth Road suspension bridge in
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Input Output 
Figure 5: An example of using representative aerospace in-flight vibration data (broadband
2 kHz) as dynamic loading in the FE model. Mechanical and electrical outputs from the
piezoelectric device is computed, including stress, strain, voltage and power across a load
resistance of 20 kΩ.
figure 9, section of a rail track above vibration absorbers in figure 10 and
inside the cabin of a rail carriage in figure 11.
Time domain data traces of these application based environmental vibra-
tion data were processed and analysed using FFT and STFT in MATLAB.
For all these vibration traces, none of them are optimally suited for the 47.2
Hz first resonant mode of the device embodiment investigated here. So the
harvester will primarily operate in non-resonant mode and experience shock-
induced step responses. Selected traces were in turn imported into COMSOL
using the established interpolation function and used for the Time Depen-
dent Modal study. FFT was carried out on the time domain response from
the FE simulation in order to assess the frequency characteristics.
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Figure 6: CGJ aircraft vibration data used
as excitation for the FE model.
Figure 7: BMW 525d car engine vibration
data used as excitation for the FE model.
Figure 8: Compressor engine vibration
data used as excitation for the FE model.
Figure 9: Suspension bridge vibration data
used as excitation for the FE model.
3.4. Experimental validation
MFC-on-CFRP prototype device was manufactured and experimentally
characterised for model validation. The full integration process [30, 36]
and experimental characterisation [36] was reported previously. Figure 12
presents a photograph of the device mounted on an electrodynamic shaker.
Thin electrical wires were attached using conductive silver adhesive epoxy.
The electrical leads are connected to an impedance box and measured on a
digital oscilloscope. Accelerometer was attached at the base point in order to
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Figure 10: Rail track vibration data used
as excitation for the FE model.
10 20 30 40 50 60
Time (s)
-0.2
0
0.2
Ac
c. 
(g
)
Inside train cabin, mean vibration = 0.093g
0 20 40 60 80 100
Frequency (Hz)
0
0.01
0.02
|Y
(f)
|
Fast Fourier Transform
Spectrogram with Hamming window size = 512
10 20 30 40 50 60
Time (s)
0
50
100
Fr
eq
ue
nc
y (
Hz
)
10
20
Figure 11: Train cabin interior vibration
data used as excitation for the FE model.
control the acceleration amplitude and frequency of the base point excitation
fed into the harvester device.
Figure 12: Integrated MFC-on-CFRP prototype used to validate the FE model. The full
experimental characterisation was previously studied [36].
A summary of the experimental setup used for measurement and char-
acterisation is presented in figure 13. Both sine wave excitation and vi-
bration data traces are used to drive the electrodynamic shaker. Agilent
Waveform Editor was used to communicate vibration data to an Agilent
function/arbitrary wave generator, which in turn programmed the vibration
from the BKSV LDS electrodynamic shaker.
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Figure 13: Experimental setup used to test the integrated MFC-on-CFRP prototype.
4. Results and discussion
4.1. Sinusoidal response
At first instance, sine wave excited resonant response was characterised.
Figure 14 compares the experimentally measured power output in the fre-
quency domain for the manufactured prototype and the simulated result.
The experimentally measured quality factor was used to fit the damping ra-
tio for the FE model in order to achieve alignment. Power P (t) values are
calculated from RMS voltage V (t) generated across a load resistance R, using
P (t) = V 2(t)/R.
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Figure 14: Comparison of experimentally measured and simulated frequency domain re-
sponse for 1st bending resonant mode. Resonant frequency deviation was 2.6%.
Table 4 compares the first resonant mode frequency computed by exper-
imental analytical and FE simulation. While the classic method of analyti-
cal eigenfrequency calculation is based on the Euler-Bernoulli beam theory,
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such an approach is primarily suitable for isotropic materials only. On the
other hand, when dealing with orthotropic composite beams, Timoshenko
beam theory needs to be applied [39]. The Timoshenko frequency equation
for composite beams used here was derived and algebraically expanded by
Banerjee (2001) [39].
Table 4: First eigenfrequency (first bending mode) comparison of the experimental mea-
surement, analytical calculations (classic beam theory and Timoskenko beam thoery) and
FE simulation using orthotropic material property definitions.
Method Frequency (Hz)
Experimental measurement 46.0
Analytical: Euler-Bernoulli 46.5
Analytical: Timoskenko 47.2
Numerical: FE simulation 47.2
The measured first bending mode’s resonant frequency when loaded with
a matched impedance (20 kΩ) was at 46.0 Hz, while that for the FE sim-
ulation was 47.2 Hz with a small deviation of +2.6%. The deviation was
most likely due to fabrication tolerance, tolerance associated with various
material properties and experimental measurement uncertainty. Further-
more, based on the frequency domain characteristics shown in figure 14 for
the experimentally measured results, there seems to be a degree of nonlinear
asymmetry for the resonant peaks. This behaviour suggests the presence
of Duffing type nonlinearity [40] represented by a cubic spring term. More
specifically, the bending of the resonant peak towards the higher frequency
signifies spring hardening nonlinearity. This nonlinearity is significant even
for small amplitude response, which further suggests that the source of this
cubic nonlinearity is inherent in nature. The topology of the device is that of
a basic cantilever, which implies geometric nonlinearity should be minimal.
However, as the MFC and carbon fibre plies were co-cured, the differential
thermal expansion coefficient can potentially result in non-trivial residual
stress in the final beam. Therefore, this residual thermal stress could be a
major contributing cause to this weakly nonlinear behaviour.
Table 5 compares the average resonant power output between experi-
mentally measured result and simulated result when subjected to sinusoidal
excitation at varying acceleration levels. This is for resonant power output
for the 1st bending mode. Due to the slightly different resonant frequency
value for the experimental prototype and FE value, excitation frequencies in
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experiment and in simulation were 46.0 Hz and 47.2 Hz respectively. Simu-
lation deviated from experimental measurement by < 10%.
Table 5: Comparison of power output between experimental measurement (or fitted values
for large acceleration > 3g) and FE simulation for sinusoidal excitations.
Vibration Acc. Experimental FE simulated Deviation
input (g) mean power (mW) mean power (mW) (%)
Sine, 1st 0.10 1.72 1.80 +4.7
bending 0.15 3.24 3.52 +8.6
mode 0.20 5.18 5.36 + 3.5
4.2. Vibration data response
In addition to sinusoidal excited piezoelectric FE simulation that has
previously been reported in the literature [34], this paper uniquely studies
FE simulation incorporating representative environment vibration data for
the various applications. Results were attained from both FE simulation and
experimental validation. Waveform editor on a computer and arbitrary wave-
form generator were used to experimentally programme the electrodynamic
shaker using the vibration data files. Frequency and acceleration information
from the vibration traces were equalised (or scaled) using accelerometers. In
FE simulation, interpolation functions were used to import the vibration
data files (either csv or txt) and dynamically load the model.
Table 6 summarises the experimentally measured and FE simulated av-
erage power output for the MFC-on-CFRP prototype device. The electrody-
namic shaker is limited in maximum shuttle travel and therefore the attain-
able acceleration amplitude. For vibration traces greater than 3 g of mean
acceleration, experimental data points collected for lower scaled acceleration
levels were used to construct the trend line and predict the power output
from the fitted graph.
In both cases, average power output was taken across a load resistance of
20 kΩ. This is the matched impedance load for the first resonant response,
but might not necessarily be the optimal resistance for the varying vibration
inputs across the frequency spectrum. Though, for consistency in order to
enable comparison, this load resistance was fixed. For realistic applications,
a dynamic control system needs to be employed to enable maximum power
point tracking, which is available with commercial power conditioning elec-
17
Table 6: Comparison of power output between experimental measurement (or fitted values
for large acceleration > 3g) and FE simulation for various vibration data input. Deviation
is within ±10% except for outlier cases with power values <0.1 mW where background
noise is relatively more significant.
Vibration Acc. Experimental FE simulated Deviation
input (g) mean power (mW) mean power (mW) (%)
Aerospace 1.6 1.05 0.96 -8.6
in-flight 14 7.8 8.09 +3.7
Aerospace 1.6 0.97 0.90 -7.2
in elevation 5.7 2.0 1.82 -9.0
Road car 0.25 0.37 0.35 -5.4
Compressor 1.0 0.077 0.06 -22.1
Bridge 0.32 0.17 0.18 +5.9
Trail track 0.047 0.012 0.018 +50.0
Train cabin 0.093 0.045 0.062 +37.8
tronic chips such as LTC3588 that is popularly used for vibration energy
harvesting [11, 41].
Responses are typically off-resonance, non-resonant and shock-induced
step responses. It can be noted that the FE simulated results deviated from
the experimental measurement by less than ±10% for all scenarios where the
average power output is > 0.1 mW. However, for the 3 outlier cases (com-
pressor, train track and train cabin) where the power values are < 0.1 mW,
deviation was more significant. This could be because for these small power
output cases, background noise, tolerance and measurement uncertainties
have more substantial influences. Therefore, reliability of model prediction
at low power levels drops due to the background noise. This suggests that
when system parameters are optimally tuned to enable resonant-amplified
power generation, the results from FE simulation and the experimental coun-
terparts should converge.
5. Conclusion
This paper uniquely presents a dynamic multiphysics finite element model
that uses representative environment vibration data to dynamically load a
piezoelectric MFC on carbon fibre composite beam. The resultant mechani-
cal response from the beam and the electrical output from the piezoelectric
transducer were simulated. The FE model was experimentally validated for
18
both sinusoidal excitations and vibration data files for a variety of applica-
tions including aerospace, automotive, engine, bridge and rail. The FE model
deviated from the experimental measurement by <10% in terms of resonant
frequencies and average power output. Therefore, the proposed multiphysical
FE model can enable parametric study for any topological designs and vibra-
tion spectra, in order to employ computational analysis for system parameter
optimisation during the design stage of vibration powered smart composite
strcutures.
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